INTRODUCTION 1
Research over recent years has brought into focus the important contribution of bacteriophages to the 2 ecology of microbial populations and to biochemical and geochemical cycles in the environment; 3 bacteriophages are both enormously abundant and diverse (Rohwer, involving whole genome characterization to address the relationship between freshwater and marine 27 cyanophages, and supports the possibility that the gene complement of water-borne phages has been 28 shaped by gene pools in both freshwater and marine environments (Sano et al., 2004) . 29 
30

MATERIALS AND METHODS 31
using a BLASTx search. Genome annotation was curated in both Geneious and Artemis (Rutherford 1 et al., 2000) . Early promoters were predicted in regions upstream of ORFs by similarity to putative 2 S-PM2 early promoters (Mann et al., 2005) and using BPROM (LDF>5; Softberry, Mount Kisco, 3 NY). Putative terminator sequences were identified by TransTerm (http://uther.otago.ac.nz). The 4 gene-annotated S-CRM01 sequence is available under GenBank accession HQ615693. 5
Phylogenomic analysis was carried out using the Hal pipeline 6 (http://aftol.org/pages/Halweb3.htm; http://sourceforge.net/projects/bio-hal/), which consists of a set 7 of Perl scripts that automates a series of phylogenomic analyses using existing software and 8 sequence analysis programs (Robbertse et al., 2006) ; analysis was executed on a 64-bit Linux cluster 9 operating Red Hat Linux 3.2.3, Linux version 2.4.21. The proteins encoded by 21 phage genomes 10 were analyzed at 9 levels of "missing data" (inclusion in the analysis of genes/orthologous clusters 11 not present in all phages), in each case using 3 gap removal methodologies (complete gap removal, 12 and liberal and conservative gap-removal with GBlocks), resulting in a total of 27 phylogenetic 13 trees. Inclusion of genes missing from a few taxa can improve phylogenetic analyses by increasing 14 the number of genes analyzed (Wiens, 2006) . 15 
16
Transmission electron microscopy. CsCl gradient-purified phage was applied to a glow-17 discharged carbon-type B, 300-mesh copper grid (Ted Pella, Redding, CA) and stained with 1% 18 phosphotungstic acid, pH 6.5. Samples were observed on a Philips CM-12 transmission electron 19 microscope at 60 kEV. 20 
21
Mass spectrometry-based proteomics. Phage was purified using a CsCl density gradient. 22
Phage-associated proteins were prepared for SDS-PAGE by boiling for 2 minutes in SDS-PAGE 23 protein sample loading buffer and separated on a 8-16 % gradient gel (Bio-Rad). The sample lane 24 was cut into 11 sections, dehydrated with 50% acetonitrile in 50 mM NH 4 HCO 3 and dried in a 25
SpeedVac. Reduction and alkylation with DTT and iodoacetamide, and in-gel trypsin digestion were 26 performed as described in the Protease-Max (Promega, Madison, WI) manual. A blank section of the 27 gel was processed and included in all subsequent analyses. 28 LC-MS/MS analyses of the extracted peptides were performed on a LTQ-FT Ultra mass 29 spectrometer (Thermo) with an IonMax ion source. The mass spectrometer was coupled to a 30 nanoAcquity Ultra performance LC system (Waters) equipped with a Michrom Peptide CapTrap and 31 a C 18 column (Agilent Zorbax 300SB-C18, 250 x 0.3 mm, 5 μm). A binary gradient system was used 1 consisting of solvent A, 0.1% aqueous formic acid and solvent B, acetonitrile containing 0.1% 2 formic acid. Peptides were trapped and washed with 1% solvent B for 3 min. Peptide separation was 3 achieved using a linear gradient from 10% B to 30% B at a flow rate of 4 μL/min over 35 minutes. 4
For the LC-MS/MS analysis, the LTQ-FT mass spectrometer was operated in a data-dependent 5 mode. A full FT-MS scan (m/z 350-2000) was alternated with collision-induced dissociation (CID) 6 MS/MS scans of the 5 most abundant doubly or triply charged precursor ions. As the survey scan 7 was acquired in the ICR cell, the CID experiments were performed in the linear ion trap where 8 precursor ions were isolated and subjected to CID in parallel with the completion of the full FT-MS 9 scan. CID was performed with helium gas at a normalized collision energy 35% and activation time 10 of 30 ms. Automated gain control (AGC) was used to accumulate sufficient precursor ions (target 11 value, 5 x 10 4 /micro scan; maximum fill time 0.2 s). Dynamic exclusion was used with a repeat 12 count of 1 and exclusion duration of 60 s. Data acquisition was controlled by Xcalibur (version 13 2.0.5) software (Thermo). 14 For the sequence database search, Thermo RAW data files were processed with Proteome 15 Discoverer v1.0 using default parameters except for a S/N threshold setting of 10. A Mascot 16 (v2.2.04) search of a phage-encoded protein database (299 sequences; 54263 residues) was launched 17 from Proteome Discoverer with the following parameters: the digestion enzyme was set to Trypsin/P 18 and two missed cleavage sites were allowed. The precursor ion mass tolerance was set to 10 ppm, 19 while fragment ion tolerance of 0.8 Da was used. Dynamic modifications included carbamidomethyl 20 (+57.0214 Da) for Cys and oxidation (+15.9994 Da) for Met. 21 
22
PCR to detect S-CRM01 in the Klamath system. Enriched phage fractions were prepared (see 23 above) from samples collected from the Klamath River system during August-October, 2009. 24
Multiple plaques isolated on LC16 top agar plates from each sample were tested for the presence of 25 S-CRM01 by PCR analysis using two primer pairs directed at g44 (gp23) and g34 (Ma-LMM01-like 26 hypothetical protein). In all cases, reactions were either positive or negative for both primer pairs. 27
The primer pair for detecting g34 was CRM01-g34(F) 5´ GTCAAATAGAATCCAGGATGAATTA 28 and CRM01-g34(R) 5´ TACCATAGTCTCCACCGTTTC. The primer pair detecting g44 was 29 CRM01-g44(F) 5´ GACGTATGTGGCGTTCAGCCAATGA and CRM01-g44(R) 5´ 30 CGGTTGATTTCTGCAAGGATTTC. PCR reactions used High Fidelity Platinum Taq polymerase 31 (Invitrogen) in the provided buffer with 0.2 µM of each primer, 0.2 mM dNTPs, and 2.5 mM 1 MgSO 4 ; after initial denaturation, 35 cycles of 0.5 min at 94°C, 0.5 min at 52°C, and 1 min at 68°C 2 were run. These primers were designed to be specific for S-CRM01, avoiding amplification from 3 known related cyanomyophage genomes; detection of S-CRM01 was scored as positive only when 4 products of the expected size were amplified with both primer pairs. Synechococcus and Prochlorococcus. Consistent with a circularly permuted organization and its 30 migration in PFGE, the S-CRM01 genome assembled into a circular map 178,563 bp long (Fig. 3) . 31 The G+C content of the genome is 39.7%, and 297 protein-coding genes and 33 tRNA genes are 1 predicted. Protein-coding genes have been annotated with the following conventions ( The genome contains 34 genes with homology to T4, and a total of 86 ORFs (29% of total) with 7 homology to ORFs found in at least one of a group of 17 closely related myophages that lytically (genes shown in black in Fig. 3 ). This is far higher than the number of unique genes in the marine 29 cyanomyophage genomes of similar size (about 60-100) (Millard et al., 2009; Sullivan et al., 2010) . 30 Based on both gene content and sequence relatedness, S-CRM01 is a member of a discrete clade 1 that encompasses all 17 currently sequenced marine cyanomyophages, but it is the most divergent 2 member of this group (Fig. 5) . The phylogenetic relationships among the cyanomyophages were 3 explored using the Hal phylogenomics pipeline (Robbertse et al., 2006) , which produces whole 4 genome phylogenies using single-copy protein coding genes. The pipeline can be configured for 5 inclusion of different numbers of orthologous clusters to allow the analysis to be expanded by 6
including genes missing from a few genomes (e.g., Fig. 5D ; see methods). As shown in the 7 consensus tree in Fig. 5A , the cyanomyophages (including S-CRM01) form a monophyletic group 8 supported by high bootstrap values. However, the group is quite diverse, with S-CRM01 being the 9 most divergent member and the marine phages partitioning into at least 4 clades. To examine the 10 possibility of long branch attraction artifacts, the same analysis was run without the T4, Aeh1 and 11 KVP40 genomes, with the overall topology matching that of the consensus tree in Fig. 5A . 12
Phylogenetic analysis based on gene content (using a subset of the genomes analyzed here) showed exoT-even cyanomyophages and phage T4 (Fig. 4) . This region encodes most of the recognizable 1 structural genes, with all but one gene expressed from the plus strand. Expression is predicted to be 2 dominated by the activity of late promoters (Table S4) , as appropriate for structural protein genes. 3
Both transcriptional directions are represented in Region 1C, with transcription again predicted 4 to be dominated by late promoters. This region is also syntenous, although in inverted orientation, to 5 the marine cyanomyovirus genomes (Fig. 4) , but is not syntenous to T4. 6
As has been observed for marine cyanomyophages, the conserved genes that define synteny are 7 variably interspersed with additional genes. Twenty-three ORFs with no homologs in the GenBank 8 database are located within Region 1; other genes are most similar to phage or bacterial proteins 9 (Table 1) . Millard et al. (2009) have described a hyperplastic region between gp15 and gp18 in S-10 RSM4 and other cyanomyophages. In S-CRM01 this segment contains only one non-conserved 11 gene, but several genes of varied apparent origins are located upstream of gp13. 12
13
Virion proteomics. Mass spectrometry was used to identify phage proteins present in a 14 preparation of S-CRM01 virions purified through a CsCl density gradient. Forty-three proteins were 15 identified with high certainty (Fig. 3, Tables 1 and S3 ). All of these, except two proteins encoded in 16
Region 3 of the genome, are encoded by genes that are closely associated with late promoters (Table  17 S4). Most of the identified proteins are encoded in Regions 1A and 1C, emphasizing the clustering 18 of structural protein genes in these parts of the genome. Thirteen of these proteins correspond to 19 structural proteins of T4 (gp or gp-like genes), 13 correspond to genes with BLAST hits to other 20 phage or bacterial genes, while 9 are encoded by genes unique to S-CRM01. These results indicate 21 that the S-CRM01 virion is composed of proteins with a variety of origins: homologs of T4 proteins, 22 homologs of proteins from the related marine cyanomyophages, proteins with closest BLAST hits in 23 other phage or in bacterial genomes, and proteins that have no currently known homologs. 24 An additional 8 proteins encoded by genes not clustered with structural genes were identified by 25 our proteomic study. These genes are located in Regions 1B, 2 and 3 (Fig. 3, Table 1 ). Electron 26 microscopy suggested that host material attached to phage baseplates may have been present in the 27 phage preparation made for proteomic analysis. Consequently, it is uncertain whether these proteins 28 are truly virion-associated (structural) proteins or phage-encoded proteins that have been inserted 29 into host structural components. Their identification does prove the expression of the respective 30 genes during viral infection, indicating tht these proteins (4 of which are unique to S-CRM01) are 1 functionally relevant. 2
As expected, abundant mass spectrometry signals were registered for gp23 major capsid protein 3 (g44), gp18 contractile tail sheath protein (g36) and gp19 tail tube protein (g37), which are present in 4 multiple copy number in the T4 capsid (Miller et al., 2003a) . Abundant signals were also observed 5 for peptides from g9, at 271 kDa the largest protein encoded by the S-CRM01 genome. This huge 6 protein has a predicted strong β-strand character and no identifiable sequence motifs, but has 7 BLAST matches to a wide range of phage proteins (including putative tail protein) and to glycosyl 8 hydrolase bacterial neuraminidase repeat (BNR) proteins. An internal dot plot analysis shows 9 numerous different internal repeat elements 10 to 20 residues long, mostly repeated only once. 10
These properties suggest that g9 is a tail fiber gene (Weigele et al., 2007 ), although we have not 11 observed tail fibers under the electron microscope. 12
Three proteins with collagen-like triple helix repeat domains were detected by mass 13 spectrometry: g13 with 36 GXY repeats, g20 with 85 GXQ repeats, and g23 with 40 GXQ repeats. This segment of the genome is also predicted to be expressed predominantly via late 1 transcription, though some putative early promoters have been identified, notably for the expression 2 of gp45, gp44, gp62 and gp33, all of which are involved in establishing and maintaining T4 late gene 3 transcription (Miller et al., 2003a) . The other key gene needed for late transcription, gp55 4 alternative sigma factor, is located in Region 1B between the two structural gene segments and on 5 the plus strand, and it also appears to be expressed from an early promoter (Table S4) . The 6 recombination genes uvsY, uvsW, gp47 and gp46 are also located in Region 1B, all on the plus strand 7 in another region of synteny with marine cyanomyophage genomes (Figs. 3, 4) . 8
As in the structural gene region, but even more so, the conserved genes in Region 2 are 9 interspersed with additional genes at multiple sites. Forty-eight (49%) of ORFs in Region 2 are 10 unique to S-CRM01. HNH endonuclease is possibly a member of a family of homing endonucleases, although no introns 27 have been detected in the S-CRM01 genome. 28
All but one of the genes (g186) in Region 3, including the tRNA genes, reside on the plus strand. 29
Region 3 genes are atypical in a number of ways. Identifiable promoters are sparse; the G+C content 30 is generally high (Fig. 3) and gp46 and gp47 endonucleases, are associated with putative late promoters. This is also true of 14 nucleotide metabolism genes td, nrdA and nrdC, as well as each of the marine cyanomyophage 15 signature genes except cobS. A few of these genes -rnh, td, phoH, hsp20 -are associated with 16 both predicted early and late promoters. This is also true of some, though not all, tRNA genes. 17
All identifiable structural genes are associated with putative late promoters, although in several 18 cases (gp8, gp13 & gp14, gp17, gp18 & gp19, gp22, gp5) early promoters have unexpectedly also 19 been predicted with good prediction scores. Transcription patterns will need to be experimentally 20 assessed to verify these predictions. 21
Late promoters are predicted to fall into two categories, 46 with a CTAAATA core sequence and 22 35 with an ATAAATA core sequence (Fig. 6, Table S4 ). ACTAAATA is the most frequent Table S5 ). 16 It cannot be determined without experimentation whether all predicted tRNAs are functional, 17 although key identity elements and conserved features (Giegé et al., 1998 ) are generally present 18 (Table S5) . Some of the predicted tRNAs do have highly unusual features (see Table S5 His occurrences (e.g., S-PM2), lacks the additional 5´ residue G-1 that is in most systems 23 critical for histidine identity (Giegé et al., 1998) . G-1 would be either replaced with U-1 (adjacent 24 nucleotide in the genome) or lacking in the mature S-CRM01 tRNA (methionine and tryptophan) or of tRNA genes with unusual features that could be expected to 7 decrease decoding efficacy (see Table S5 ); perhaps the viral tRNAs provide an advantage by being 8 more flexible in their accommodation to the interactions on the ribosome in a stressed (infected) cell. 9
In several cyanomyophage and T4-like genomes, some tRNA genes are located in the general 10 region downstream of the nrdA and nrdB genes. Only two of the 33 tRNA genes in S-CRM01 are 11 found in this location, the remainder being loosely spaced across a 22 kbp segment of Region 3 12 among mostly genes that are unique to S-CRM01 (Fig. 3) . The S-CRM01 genome includes CRM01 seems to represent both of these scenarios, with the closest currently known gp20 sequence 16 found in the Atlantic Ocean isolate P-ShM1 (Sullivan et al., 2008) (Fig. S3) . On the other hand, the 17 psbA gene locates to a unique branch between freshwater and marine clades (Fig. S3) . 18
The complete S-CRM01 genome sequence allows more meaningful consideration of the 19 relationship between related marine and freshwater phages. The data in Fig. 5 show the 20 relationships to be complex. On the basis of synteny (Fig. 4A ) and protein-coding (Fig. 5D ) and 21 tRNA gene content, S-CRM01 is most similar to S-PM2, while on the basis of some phylogenomic 22 comparisons, P-SSM2, S-SM2 and S-SSM7 can be considered more similar (Fig. 5D) 
